The maintenance of a healthy and functional mitochondrial network is critical during development as well as throughout life in the response to physiological adaptations and stress conditions. Owing to their role in energy production, mitochondria are exposed to high levels of reactive oxygen species, making them particularly vulnerable to mitochondrial DNA mutations and protein misfolding. Given that mitochondria are formed from proteins encoded by both nuclear and mitochondrial genomes, an additional layer of complexity is inherent in the coordination of protein synthesis and the mitochondrial import of nuclear-encoded proteins. For these reasons, mitochondria have evolved multiple systems of quality control to ensure that the requisite number of functional mitochondria are present to meet the demands of the cell. These pathways work to eliminate damaged mitochondrial proteins or parts of the mitochondrial network by mitophagy and renew components by adding protein and lipids through biogenesis, collectively resulting in mitochondrial turnover. Mitochondrial quality control mechanisms are multi-tiered, operating at the protein, organelle and cell levels. Herein, we discuss mitophagy in different physiological contexts and then relate it to other quality control pathways, including the unfolded protein response, shedding of vesicles, proteolysis, and degradation by the ubiquitin-proteasome system. Understanding how these pathways contribute to the maintenance of mitochondrial homeostasis could provide insights into the development of targeted treatments when these systems fail in disease.
Introduction
Mitochondria are highly dynamic, double-membraned organelles that participate in a broad array of functions within eukaryotic cells. The endosymbiont hypothesis posits that mitochondria descended from a-protobacteria that were engulfed by pre-eukaryotic cells, offering the chimera richer energy sources and conferring a competitive advantage [1] . Following this merger, their original bacterial genome was substantially subsumed into the nuclear genome, leaving a circular mammalian mitochondrial genome of approximately 16 kilobases, which encodes transfer and ribosomal RNA as well as 13 subunits of the oxidative phosphorylation (OXPHOS) complexes. Within a given cell there can exist hundreds of copies of mitochondrial DNA (mtDNA). Mutations in mtDNA can give rise to heteroplasmy -the existence of more than one genome sequence in a cell. The significance of this becomes apparent when considering that the burden of aberrant mtDNA copies often determines whether there is mitochondrial dysfunction and an observable phenotype in the cell and/or tissue.
In addition to their role in energy production, mitochondria are involved in fatty acid synthesis, amino acid production, heme synthesis and iron-sulfur cluster biogenesis. Mitochondria also buffer calcium and are a signalling hub for both innate immunity and cell death. In the context of immunity, virus infection is sensed by retinoic-acid-inducible gene I (RIG-I), which oligomerizes and activates the mitochondrial antiviral signalling protein (MAVS) localized to the outer mitochondrial membrane (OMM), ultimately leading to the production of cytokines to resist infection [2] . Following initiation of apoptosis, the cytosolic Bcl-2-associated X protein (Bax) translocates to mitochondria and then both Bax and the mitochondrially localized Bcl-2 antagonist killer 1 (Bak) undergo conformational changes, leading to the release of cytochrome c from the intermembrane space and the activation of downstream caspases [3] .
The role of mitochondria in energy production sensitizes them to damage owing to exposure to high levels of reactive oxygen species (ROS), a by-product of energy generation that can disturb protein folding and structure and cause mitochondrial DNA mutations. Mitochondria have developed elaborate mechanisms of quality control. This process is regulated by two opposing forces: the removal of damaged organelles or their components; and mitochondrial biogenesis, which consists of the addition of new proteins and/or lipids to the pre-existing mitochondrial reticulum. Together, these processes constitute mitochondrial turnover. Within mitochondria, different macromolecules are turned over and carry a specific half-life. These turnover rates are modulated by stress and developmental processes.
The elimination of whole mitochondria is accomplished by a selective form of autophagy, aptly coined mitophagy [4] . The autophagy pathway removes cytoplasmic contents, including protein aggregates and organelles, in response to a variety of cellular stimuli; however, a full description of autophagy is outside the scope of this manuscript and has been reviewed elsewhere [5] . In starvation-induced autophagy, cell components are non-selectively enveloped in a double-membrane structure called an autophagosome via a process that requires several autophagy-related (Atg) proteins. During autophagosome formation, the unc-51-like autophagy acting kinase 1 (ULK1) complex is recruited to the phagophore and in turn recruits several other multiprotein complexes. These complexes include two ubiquitin-like systems -the Atg12-Atg5-Atg16 complex, and a complex comprising members of the Atg8 family, microtubule-associated protein 1 light chain 3 (LC3) and the gamma-aminobutyric acid type 1 receptor (GABARAP) -that contribute to autophagosome biogenesis and maturation. Additionally, multiple SNARE proteins mediate autophagosome fusion with lysosomes, where cargo is degraded by hydrolases. Although mitophagy shares many of these characteristic features with autophagy, the selectivity of the autophagosome for mitochondrial cargo is dictated by a unique complement of proteins that is activated under specific stimuli.
Apart from specific instances in development, such as in mature fiber cells in the lens of vertebrate eyes [6] , the mitochondrial network is never completely eliminated in a given cell, necessitating a constant flux between degradation and biogenesis. Under physiological conditions, mitochondrial removal and replenishment reaches an equilibrium allowing the maintenance of a set mitochondrial volume. Tissue type and energy demands are likely the primary determinants of this volume. External inputs, such as activity level and nutrient abundance, will also factor into the mitochondrial volume of the cell. Intriguingly, hibernation induces mitophagy and loss of other organelles in the cone photoreceptor cells in the retina of ground squirrels, and this loss is rapidly reversed when animals cease their winter slumber [7] .
Instances of disease ranging from diabetes to neurodegeneration, as well as the process of ageing itself, can hinder a cell's ability to maintain the requisite number of mitochondria or handle damaged or unnecessary organelles. In this review, we will discuss the multi-tiered process known as mitophagy, the mitochondrial quality control system that contributes to mitochondrial turnover at the protein, organelle and network levels. In addition, we will highlight other quality control pathways, including the mitochondrial unfolded protein response, proteases, outer mitochondrial membrane-associated degradation and the shedding of mitochondrial-derived vesicles.
Mitophagy in Metazoans
In mammals, mitophagy is triggered by a diverse array of cellular events, including: cellular differentiation; as a response to oxygen deprivation; as a consequence of overt mitochondrial damage; and following fertilization to eliminate paternal mtDNA. Interestingly, multiple molecules have been proposed to be mitophagy receptors in these various contexts.
Mitophagy in the Maturation of Reticulocytes
The penultimate step in the differentiation of a hematopoietic stem cell into a mature red blood cell involves the loss of organelles, including mitochondria, from the enucleated immature red blood cell or reticulocyte [8] . Protein levels of Nix, also called BCL2/adenovirus E1B-interacting protein 3-like (BNIP3L), are upregulated during the conversion of a reticulocyte to an erythrocyte, hinting that Nix has a role in the maturation process [9] and that differentiation cues trigger the transcriptional upregulation of Nix. Characterization of Nix-deficient mice revealed an increase in the number of immature erythroid cells, leading to anemia [10] . Subsequent studies demonstrated that erythrocytes from these mice failed to clear mitochondria and that the mitochondria that remained were adjacent to autophagosomes containing undegraded cargo [11, 12] , suggesting that Nix plays an important role in the elimination of mitochondria.
Structurally, Nix is a carboxy-terminally anchored OMM protein. Its amino terminus faces the cytoplasm and contains an LC3-interacting region (LIR) (Figure 1 ). Nix has been reported to interact with GABARAP [13] and LC3 [14] through this LIR domain, although the role of this interaction has been contested because mutation of Nix's LIR consensus sequence has only minor effects on mitophagy [14] , whereas deletion of amino acids 70-86, which are in close proximity to the LIR domain, impairs mitochondrial clearance [15] in vivo.
Intriguingly, clearance of mitochondria by autophagy during erythrocyte development does not progress through the canonical Atg5-and Atg7-dependent autophagy pathway [16, 17] . While mitochondrial removal from reticulocytes is delayed in ULK1-knockout mice [16, 18] , ULK1's role in mitochondrial degradation is not confined to reticulocyte maturation and likely reflects a broader function in general mitophagy, as demonstrated by the accumulation of morphologically abnormal mitochondria in ULK1-deficient mouse hepatocytes [19] and increased mitochondrial mass in ULK1-deficient fibroblasts [18] . Hypoxia-triggered Mitophagy BNIP3 shares 50% homology with Nix/BNIP3L [20] and has been linked to autophagy in general [21] , and specifically to mitophagy triggered by hypoxia [22] . Nix has also been implicated in hypoxia-dependent mitophagy. Levels of BNIP3 and Nix are transcriptionally upregulated during hypoxia through hypoxia-inducible factor 1a (HIF-1a) [23, 24] . Like Nix, BNIP3 contains a singlepass, carboxy-terminal transmembrane domain, which targets it to the OMM, as well as an identical LIR domain [25] (Figure 1) . Elimination of the transmembrane domain and therefore the capacity of BNIP3 to form dimers, even if correctly targeted to mitochondria, limits the formation of autophagosomes [26] . Both BNIP3 and Nix are proposed to have BH3 domains; however, comparison to multiple BH3-domain-containing proteins across multiple species reveals that the BH3 domains of BNIP3 and Nix domain are quite atypical and may not be bona fide BH3 domains [27] . BNIP3 interacts with LC3 and GABARAP and this interaction is regulated by phosphorylation of Ser17 and Ser24, which border the LIR domain [25] . To date, the kinases and phosphatases that modulate these post-translational modifications remain elusive.
Parkin-and PINK1-dependent Mitophagy
In metazoans, such as Caenorhabditis elegans, Drosophila melanogaster, and mammals, the targeting of damaged mitochondria for autophagic elimination involves two genes that are mutated in early-onset recessive Parkinson's disease -PTEN-induced putative kinase 1 (PINK1), which codes for a mitochondrially localized kinase, and PARK2, whose protein product, Parkin, is a cytosolic E3 ubiquitin ligase [28] . Neurodegeneration associated with Parkinson's disease is characterized by the loss of dopaminergic neurons in the substantia nigra pars compacta, causing motor dysfunction, including shaking and rigidity [29] . Although the majority of cases of Parkinson's disease are idiopathic, a number of cases are linked to mutations in several genes, including again both PARK2 and PINK1. Numerous studies point to a role for mitochondrial dysfunction in the pathogenesis of Parkinson's disease, including reports of a preponderance of complex I defects in tissue samples [30] and an accumulation of mtDNA mutations in substantia nigra neurons [31, 32] . Work in Drosophila linked Parkin and then PINK1 to mitochondrial dysfunction and placed them in the same pathway, with PINK1 functioning upstream of Parkin [33] [34] [35] .
Since these early studies, much is now known about this pathway and the molecular players. Under basal conditions, PINK1 is imported into mitochondria through the translocase of the outer membrane (TOM) and translocase of the inner membrane (TIM23) complexes via an amino-terminal mitochondrial targeting sequence. Whilst it spans the inner mitochondrial membrane, PINK1 is clipped by the matrix processing peptidase (MPP) [36] and the inner membrane protease PINK1/PGAM5-associated rhomboid-like protease (PARL) [36] [37] [38] . The resulting PARL-mediated cleavage product with an amino-terminal Phe104 residue is released into the cytoplasm and degraded by the proteasome via the N-end rule pathway [39] (Figure 2A ). When mitochondrial protein import is compromised, PINK1 is stabilized on the OMM in a complex composed of TOM20, TOM22, TOM40 and TOM70 [40, 41] and requiring TOM7 [42] . Two PINK1 molecules likely exist in this OMM complex [41] , but whether PINK1 dimer formation is necessary for autophosphorylation or whether two PINK1 molecules serve to increase phosphorylation kinetics has yet to be established. PINK1 kinase activity is essential and sufficient for Parkin recruitment, as forced expression of PINK1 on peroxisomes or lysosomes leads to Parkin translocation to the PINK1-bound compartment and, in the case of the peroxisome, degradation via pexophagy [40] ( Figure 2B ).
In addition to autophosphorylation, PINK1 also phosphorylates Parkin on Ser65 of its ubiquitin-like domain (Ubl), increasing its E3 ligase activity [43, 44] . Structural studies have revealed that Parkin exists in an autoinhibited state, whereby the unique Parkin domain (UPD) or RING0 domain blocks access to the residue required for catalytic activity [45] . Phosphorylation alters the conformation of Parkin's inhibitory domains, allowing access to the catalytic residues necessary to ubiquitinate its substrates [45] [46] [47] [48] . PINK1 also phosphorylates ubiquitin, providing the first demonstration of a post-translational modification of ubiquitin [49] [50] [51] . Interestingly, PINK1 phosphorylates Ser65 of both ubiquitin and Parkin, where it resides in the Ubl domain, indicating homologous structural motifs for PINK1 substrates.
Several lines of evidence indicate that PINK1 stabilization on the OMM leads to phosphorylation of pre-existing ubiquitin molecules at the mitochondrial surface: mitochondrially targeted phosphomimetic ubiquitin is able to recruit and activate Parkin [52] ; ubiquitin phosphorylation is detected without Parkin [49] ; and low levels of mitophagy persist even in the absence of Parkin [53] . Parkin then binds to the phosphorylated ubiquitin (phospho-Ub), resulting in partial activation of Parkin and tethering of Parkin to the OMM. PINK1 then phosphorylates Parkin, leading to the conjugation of ubiquitin to various substrates and the formation of ubiquitin chains [54] . PINK1-dependent Parkin activation promotes the synthesis of canonical and non-canonical ubiquitin chain linkages, including Lys6, Lys11, Lys48 and Lys63 [46] . Interestingly, phosphorylation of ubiquitin at Ser65 alters its structure, as NMR studies identified two phospho-Ub conformations -a major species with a structure similar to wild-type ubiquitin and a minor species with a significantly altered conformation [55] . In addition, phospho-Ub is resistant to deubiquitinating enzymes and this might further drive mitophagy. The actions of PINK1 and Parkin both contribute to phospho-Ub amplification. Subsequent structural studies of phospho-Ub-bound Parkin from the arthropod Pediculus humanus indicated large-scale conformational changes that led to liberation of the Ubl domain upon PINK1-dependent phosphorylation [56, 57] . Collectively, these findings demonstrate that PINK1-mediated phosphorylation of ubiquitin and Parkin is sufficient for both translocation and full E3 ligase activity of Parkin and that PINK1-Parkin-dependent mitophagy functions via a feedback amplification mechanism (Figure 3) .
Autophagy receptor proteins bind ubiquitinated cargo through their ubiquitin-binding domains and connect them to the autophagosome to promote autophagy [58] . Sequestosome 1 (SQSTM1) or p62 has been proposed to act as a receptor linking depolarized mitochondria to LC3 on autophagosomes [59] . Further investigation suggested that p62 is required for the perinuclear clustering of depolarized mitochondria, but not for mitophagy [60, 61] . In mammalian cells, five receptors have been linked to selective autophagy: p62, NBR1, NDP52, optineurin (OPTN) and TAX1BP1 ( Figure 1 ). To elucidate which adaptors are essential for mitophagy, a single cell line lacking all five was generated, hereafter referred to as penta-knockout (pentaKO) cells. PentaKO cells were unable to eliminate mitochondria following activation of the PINK1-Parkin pathway and rescue experiments revealed that NDP52 and OPTN are required yet redundant for mitophagy [53] . Mitophagy is inhibited in NDP52-OPTN double knockout cell lines [53, 62] , and knockdown of OPTN alone has been reported to impede mitophagy [63] at early time points [64] . Individual tissues and cell types have dissimilar expression levels of OPTN and NDP52, yielding differential dependency on the two adaptors [53] . Recruitment [65] . The differences between OPTN binding specificity in vivo and in vitro may be partially understood by the effects of the kinase TBK1. The ability of OPTN to compensate for NDP52 during mitophagy requires TBK1, which has been previously shown to phosphorylate OPTN at Ser177, resulting in increased OPTN binding to LC3 during xenophagy, a specialized form of autophagy that eliminates invading pathogens [66] . Mitochondrial damage induces TBK1 activation as evidenced by TBK1 phosphorylation at Ser172, which is dependent on both Parkin and PINK1 expression [53] and ubiquitin binding of receptor proteins [62] . This results in increased mitochondrial recruitment and phosphorylation of OPTN, NDP52 and p62 [62, 65, 67] . TBK1 phosphorylation of OPTN on Ser473 and Ser513 increases OPTN's affinity for ubiquitin chains [62, 65] and phospho-Ub chains [53, 65] . Activated TBK1 retains OPTN at mitochondria, resulting in an amplification of recruitment of autophagy receptors [62, 65] .
The recruitment of ULK1 to mitochondria is impaired in both pentaKO cells and OPTN-NDP52 double knockout cells following mitochondrial damage [53] . Conditional expression of PINK1 on mitochondria with OPTN or NDP52 also results in an increase in ULK1 localization to mitochondria, suggesting that PINK1-dependent recruitment of autophagy receptors is sufficient to recruit upstream autophagy machinery [53] . In agreement with this idea, a recent report demonstrated that all three LC3 family proteins are dispensable for PINK1-Parkin-dependent mitophagy as well as bulk autophagy [68] . Furthermore, the role of these LC3 proteins in autophagosome formation has been contested and instead they have been proposed to regulate autophagosome-lysosome fusion following studies in human cells that lack all six Atg8 genes [68] . These results parallel the findings on Nix-mediated mitochondrial purging in reticulocytes, where ULK1 is implicated and the loss of its LIR domain has a modest effect on mitochondrial elimination.
During mitophagy, phospho-Ub serves as the receptor for both Parkin and autophagy receptor proteins. Once recruited and retained at the mitochondrial surface, these proteins are activated, in the case of Parkin by both phospho-Ub itself and PINK1, and for OPTN and NDP52 by TBK1, initiating two amplification loops. Together, these findings blur the lines between more simplistic and linear models with PINK1 as a sensor and Parkin as the effector to one where PINK1 is both sensor and effector, with Parkin responsible for signal amplification. Indeed, this model provides a rationale for Parkin's promiscuity. Hundreds of proteins are ubiquitinated in a Parkin-dependent manner, and these are significantly enriched in OMM proteins [69] . Ubiquitination of some proteins, such as prohibitin [70] , may serve defined functions in mitophagy, although most of them likely serve as phospho-Ub substrates for Parkin and autophagy receptor proteins.
Mitophagy in the Germline
In most animals, including humans, mice, worms, and flies, mtDNA is solely inherited maternally [71] . The loss of paternal mtDNA has been hypothesized to occur either by a passive process, such as dilution due to the relatively low amount of mtDNA in the sperm compared with the oocyte, or by a more specific mechanism that targets paternal mtDNA and spares maternal mtDNA from elimination. Deep sequencing of mtDNA from four sets of human parents and offspring found no evidence of paternal mtDNA leakage, supporting an active mode of paternal mtDNA elimination [72] . How paternal mitochondria and the DNA they carry are recognized and selectively eliminated remains unclear, yet necessary, given that mouse lines engineered to be heteroplasmic have altered metabolism, decreased cognitive function and heightened stress [73] , providing evidence that having two different mitochondrial genomes is indeed deleterious. The reason for the selection pressure on homoplasmy remains mysterious, but several theories have been put forth, including optimizing adaptation of the mitochondrial and nuclear genomes and minimizing selfish mutations that would benefit the mitochondria but not the cell [74] .
Autophagy has been implicated in mammalian mtDNA elimination [75] , but whether it mediates this phenomenon remains to be shown [76] . In fertilized oocytes from both pig and rhesus monkey, p62, GABARAP and VCP (also known as p97) associate with or are in close proximity to sperm mitochondria: inhibition of either p62 by blocking antibodies or VCP/p97 using pharmacological inhibitors delays the removal of sperm mitochondria [77] . VCP/p97 is important for the degradation of OMM proteins via the proteasome and is required for mitophagy [78] [79] [80] .
A recent study used mitochondrially targeted Dendra2 fluorescent protein to track the loss of paternal mitochondria following fertilization of a wild-type oocyte [81] . Knocking down p62, PINK1, the mitochondrial fission regulator Fis1 or TBC1 domain family member 15 (TBC1D15) in the embryo resulted in the inhibition of paternal mitochondrial loss. TBC1D15 is a mitochondrial Rab GTPase-activating protein that localizes to mitochondria by binding to Fis1 [82] , where it participates in mitochondrial autophagosome capture by modulating Rab7 activity [83] . Loss of Parkin or the mitochondrial E3 ubiquitin ligase Mul1 also reduced the efficient elimination of paternal Under basal conditions, PINK1 is imported into mitochondria, processed, and degraded by the proteasome. (1) Under mitochondrial stress, PINK1 is stabilized at the OMM where it phosphorylates ubiquitin (red circle) bound to OMM protein substrates (S). Parkin has a high affinity for phospho-Ub (green circle) and translocates from the cytosol to the mitochondrial surface. (2) PINK1 activates Parkin by phosphorylation of Ser65 enhancing its E3 ubiquitin ligase activity. (3 and 4) Activated Parkin ubiquitinates OMM protein substrates and PINK1 phosphorylates ubiquitin leading to further Parkin recruitment and activation, resulting in a feedback loop that amplifies phospho-Ub.
mitochondria, but to a lesser extent; however, depletion of both led to retention of the paternal mitochondria. Together, these studies highlight the importance of autophagy and, more specifically, mitophagy-related proteins in paternal mtDNA elimination. Moreover, the involvement of p97 may suggest an interplay between both autophagy and the ubiquitin-proteasome system in this pathway.
In C. elegans, mutations in genes essential for autophagy, lysosomal function and mitochondrial fission delay the loss of paternal mtDNA. Similarly, loss of autophagy function also impairs the clearance of paternal mitochondria in flies [84] . Mitochondria from worm sperm are not ubiquitinated, suggesting ubiquitin chains are not the degradative signal in worms [85] , but may be important in flies [84] . Endonuclease G, a nuclease localized to mitochondria and important for the maintenance of mtDNA, is reported to participate in the purging of paternal mtDNA in both worms and flies, yet by distinct mechanisms [86, 87] . Although Parkin may be required to some extent for the removal of parental mitochondria in mammals [81] , the studies in Drosophila suggest that there are Parkin-independent mechanisms that operate in this process [84] .
Mutations in several genes have been identified to retard the removal of paternal mtDNA, but, with the exception of mutations in LC3 in the worm [88] , paternal mtDNA is eventually eliminated and not inherited by progeny. This suggests that multiple redundant mechanisms ensure the transmission of only maternal mtDNA. Paternal mtDNA removal mechanisms appear to be species specific and the genes and pathways identified in a given organism do not appear to be conserved across metazoans, reflecting different approaches tailored to various species.
Mitophagy in Yeast
Mitophagy induced by growth in non-fermentable carbon sources was screened by two groups, who independently identified Atg32 as an essential factor for the selective elimination of mitochondria in Saccharomyces cerevisiae [89, 90] . Atg32 is localized to mitochondria via a single transmembrane domain spanning the OMM. The amino-terminal domain faces the cytosol and contains an Atg11-interacting domain that mediates recruitment of the autophagosome to mitochondria (Figure 1 ) [91] . Atg11 acts as an adaptor linking cargo to the autophagosome and is essential for mitophagy, pexophagy, and other forms of selective autophagy [92, 93] . Atg11 also recruits fission machinery to mitochondria to promote the selective removal of mitochondria [94] . The cytosolic portion of Atg32 is sufficient for mitophagy as targeting this region of the protein to peroxisomes during respiratory growth results in the selective elimination of peroxisomes, implying that Atg32 is a mitophagy receptor in yeast [91] .
Although Atg32 is constitutively expressed and targeted to mitochondria, its levels increase 5-10-fold during respiratory growth [90] and overexpression of Atg32 enhances mitophagy [95] . Furthermore, during the induction of mitophagy Atg32 is phosphorylated at Ser114 and Ser119, and mutations that prevent this phosphorylation inhibit mitophagy by interfering with the Atg11-Atg32 interaction [96] . Multiple lines of evidence suggest that yeast eliminate mitochondria through Atg32 as a response to decreased metabolic demand [89, 90] , during starvation [97] , and in some instances of mitochondrial damage [98] ; however, the identity of the upstream molecular sensor is not known nor do we have a comprehensive understanding of the players and mechanisms leading to upregulation of Atg32 levels. Lastly, studies clarifying the identity and regulation of kinases necessary for mitophagy in yeast are warranted.
Mitophagy in yeast, the germline, erythrocyte differentiation and hypoxia differ from the PINK1-Parkin pathway in multiple aspects. Activation of PINK1-Parkin-dependent mitophagy is achieved by mitochondrial self-monitoring via PINK1 proteolytic processing, which is dependent on efficient import and/or transmembrane potential. In contrast, depolarization does not seem to be required for mitophagy mediated by Atg32, NIX and BNIP3. In the case of mitophagy of paternal mtDNA, whether depolarization is necessary for removal remains unclear and will likely depend on whether the PINK-Parkin pathway is implicated. Atg32, NIX and BNIP3 are OMM-bound proteins and do not require ubiquitin signalling. Rather, they directly bind Atg proteins, an interaction that is modulated by phosphorylation and protein abundance. Again for mitophagy in the germline, the requirement for ubiquitin remains elusive. Future studies are needed to determine the upstream signalling events and molecular mechanisms that 'activate' these OMM-bound proteins to mediate mitophagy. The PINK1-Parkin pathway is a bipartite system that utilizes both ubiquitin signalling and phosphorylation. It has been hypothesized that ubiquitin-independent pathways may have evolved first with ubiquitin-requiring pathways emerging later to add speed, regulation and efficiency [58] . Ubiquitin, and more specifically phospho-Ub, could provide a highfidelity signal to ensure that only damaged mitochondria are removed among a sea of healthy functioning organelles.
The Intricacies of Mitochondrial Turnover
Evaluating the rate of mitochondrial turnover requires the consideration of multiple inputs converging to replenish or add additional mitochondrial components (biogenesis), balanced with removal of damaged mitochondria or subdomains. The total turnover is not solely regulated at the organelle level, but also necessitates consideration of the rate of tissue regeneration and the rates of individual protein turnover.
Mitochondrial Biogenesis and Quality Control of the Mitochondrial Proteome
The antithesis of mitophagy is mitochondrial biogenesis. Due to the lack of de novo production of mitochondria, adding new mitochondrial mass requires coordination with the already established network. Additionally, two separate genomes must act in concert to produce the functional multi-protein complexes important for energy production.
Nuclear respiratory factor 1 (NRF1) and nuclear factor erythroid 2 related factor 2 (NRF2) modulate the expression of multiple nuclear-encoded mitochondrial proteins as well as the mitochondrial transcription factor TFAM, which is required for the transcription of mitochondrially encoded proteins and mtDNA replication [99] [100] [101] . Peroxisome proliferator-activated receptor gamma coactivator 1a (PGC-1a), originally described as a transcriptional co-activator implicated in thermogenesis in brown fat, was found to induce mitochondrial biogenesis by stimulating NRF1 and NRF2 gene expression and by activating transcription of their downstream targets [102] . Overexpression of PGC-1a in the muscle or heart in transgenic animal models or in cultured cells increased mitochondrial number and function [102, 103] . Physiological stimuli, such as exercise, increased PGC-1a levels in mice [104, 105] and humans [106] . Loss of PGC-1a expression had no effect on total mitochondrial volume, but significantly reduced the expression of mitochondrial transcripts and decreased mitochondrial function [107] . Collectively, these studies highlight the role of PGC-1a in regulating mitochondrial quality and function.
5'-AMP-activated protein kinase (AMPK), the sensor of cellular ATP levels, is activated when the AMP:ATP ratio is low. AMPK activation results in the simultaneous upregulation of catabolism and downregulation of anabolism via direct modulation of many proteins by phosphorylation, while additionally mounting a transcriptional response [108] . Activation of AMPK by exercise or agonists induces changes in mitochondrial gene expression that are proposed to adapt muscle to activity [109] . Interestingly, this transcriptional response requires PGC-1a and is mediated through phosphorylation of Thr177 and Ser558 by AMPK, which activates PGC-1a to increase its own transcription through autoregulation [109] . However, other evidence suggests alternative pathways of stimulation of mitochondrial biogenesis in response to exercise that are independent of PGC-1a [110] .
AMPK is implicated in other aspects of mitochondrial physiology apart from biogenesis, including mitochondrial dynamics and mitophagy. ULK1 is required for autophagy [111] and is a substrate for AMPK phosphorylation [19] . Loss of either AMPK or ULK1 leads to the accumulation of damaged mitochondria [18, 19] . Recently, another AMPK substrate -mitochondrial fission factor (Mff) -has been identified [112] . Phosphorylation of Mff on two key serine residues by AMPK under conditions of mitochondrial stress is required for Drp1 recruitment to mitochondria and subsequent fission, presumably to sequester damaged parts of the mitochondrial network for removal by mitophagy. Taken together, AMPK is involved at multiple stages of mitophagy, by altering mitochondrial morphology, participating in the recruitment of autophagy machinery, and driving mitochondrial biogenesis.
Recently, the transcription factor TFEB has been found to regulate both autophagy and lysosomal activity [113] . TFEB controls the expression of multiple genes involved in lysosomal and autophagic function in response to nutrient deprivation [114] . TFEB's activity and localization are regulated through phosphorylation by the kinases mTORC1 and MAPK1, which signal the availability of nutrients [114] . TFEB also binds the promoter of PGC-1a and induces its expression in mouse liver during starvation to stimulate lipid metabolism [115] . In agreement with this, loss of TFEB blunts the starvation-induced PGC-1a response, suggesting that the response is partially mediated by TFEB. Conversely, PGC-1a is reported to act upstream of TFEB as evidenced by chromatin co-immunoprecipitation experiments showing that PGC-1a binds to the TFEB promoter in cell culture and animal models of Huntington disease [116] . Yet another study proposes that PGC-1a and TFEB are mutually regulated by the mitochondrial acetyltransferase GCN5L1 to regulate autophagy and mitochondrial biogenesis [117] .
During mitochondrial stress, TFEB translocates to the nucleus in a Parkin-and PINK1-dependent manner [118] . Parkin activity upon mitochondrial stress does not affect the ability of mTORC1 to phosphorylate downstream substrates or the phosphorylation of ULK1 and AMPK, suggesting an as yet undefined mechanism for Parkin-mediated TFEB translocation.
Mitochondrial Proteases and OMM-associated Degradation in Quality Control
Over 20 proteases reside within mitochondria and participate in diverse functions, including processing of newly imported proteins and mitochondrial dynamics [119] . One of the principal functions of mitochondrial proteases is quality control. Proteases in the matrix and intermembrane space ensure the proper ratios of mitochondria-and nuclear-encoded subunits of the OXPHOS complexes, remove misfolded, unfolded and damaged proteins, and contribute to normal protein turnover [119] . The importance of mitochondrial protease activity is underscored by the fact that loss of protease activity is causative for human diseases [119] .
Apart from their role in signalling the formation of autophagosomes, ubiquitinated proteins on the OMM are also subject to degradation by the proteasome. In a manner analogous to endoplasmic-reticulum-associated degradation (ERAD) for the elimination of improperly folded proteins, mitochondrial proteins are retrotranslocated to the cytosol for degradation by the proteasome, via a process termed outer mitochondrial membrane associated degradation (OMMAD) [120] . In human cells, mitochondrial damage leads to Parkin-dependent recruitment of VCP/p97 and degradation of the mitochondrial fusion regulators Mfn1 and Mfn2 by the proteasome [78, 79] . Apart from its role in mitophagy, p97 is also required for the turnover of Mfn1 and the anti-apoptotic Bcl-2 family protein Mcl1in the absence of mitochondrial damage [80] . The mitochondrially localized ubiquitin ligases MITOL/MARCHV and Mul1 are reported to ubiquitinate fission/fusion machinery, indicating a role in mitochondrial morphology [121, 122] . However, their precise roles in mitochondrial quality control warrant further study.
Mitochondrial Protein Turnover in Quality Control
A comprehensive in vivo proteomic study of mitochondrial protein turnover revealed a range of protein half-lives from hours to days [123] , with mitochondrial protein half-lives being on average longer than the complement of cytosolic proteins [124] . Intriguingly, the rate of mitochondrial protein turnover was faster in the liver than in the heart, arguing that organ-specific factors may govern these rates in order to satisfy the energy demands of each tissue. Metabolic features related to the function of the tissue, transcriptional programs hardwired during differentiation, or some combination thereof might specify the rate of turnover or its upper and lower limits.
Parkin and PINK1 have been proposed to participate in the selective turnover of proteins within the OXPHOS complexes. Mitochondrial protein homeostasis was analyzed in Drosophila heads after feeding flies a stable leucine isotype [125] and it was found that mitochondrial protein half-lives were longer in both Parkin-and Atg7-knockout flies, confirming that the turnover occurs via mitophagy and autophagy, respectively. The absence of PINK1 or Parkin delayed the turnover of proteins in OXPHOS complexes, but loss of Atg7 in flies did not selectively increase the half-lives of OXPHOS-related proteins. As the authors speculate, this apparent specificity might be attributed to the removal of damaged mitochondrial components by mitochondrial-derived vesicles (MDVs) or by a form of piecemeal (bit-by-bit) mitophagy, discussed below.
Quality Control at the Sub-organelle Level
Piecemeal or bit-by-bit mitophagy eliminates only a portion of the mitochondrial network, leaving the rest intact. Induction of mitochondrial damage at a discreet portion of the network using Mitokiller Red, a mitochondrially targeted fluorescent probe that produces reactive oxygen species when stimulated with light, led to the focal recruitment of Parkin to the area of insult [126] . Ubiquitin and LC3 were enriched at distinct locations on mitochondria despite the recruitment of Parkin over a larger area. Over time, LC3-and Parkin-positive structures appeared to break off from the mitochondrial network, suggestive of the removal of isolated areas of the mitochondria by Parkin-dependent mitophagy.
Expression of a truncation mutant of the mitochondrial matrix protein ornithine transcarbamylase (DOTC) led to the accumulation of insoluble aggregates, PINK1 stabilization in the absence of mitochondrial depolarization, and recruitment of Parkin [127] . Dual expression of DOTC and wild-type OTC within the same cell revealed a selective clearance of DOTC that was dependent on the expression of PINK1 and accelerated by the presence of Parkin [128] . Mitochondrial subdomains with Parkin foci and aggregated DOTC were observed to traffic away from parental mitochondria and the mobility of Parkin foci was compromised following the loss of the mitochondrial fission factor dynamin-related protein 1 (Drp1), suggesting that loss of Drp1 may inhibit DOTC clearance. Paradoxically, Drp1-knockout cells could efficiently clear DOTC from cells, but the selectivity was lost, as evidenced by the clearance of wild-type OTC as well. Lack of Drp1 led to indiscriminate recruitment of ubiquitin and mitophagy receptor proteins to the entire mitochondrial network and enhanced both basal and damage-induced mitophagy. These findings advocate for a model in which Drp1 mediates asymmetric fission of damaged mitochondrial subdomains that are dispensed via the autophagy machinery.
The mechanisms for how mitochondrial proteotoxicity results in compromised PINK1 import without overt membrane potential depolarization remain obscure. Indirectly, alterations in proteostasis in the matrix might overwhelm chaperones locally, consistent with the finding that knockdown of the mitochondrial heat shock protein 70 (mtHsp70) initiated mitophagy [129] . Mitochondrial import could be altered following mitochondrial protein folding stress, as a result of proteolytic degradation of components of the TIM complex, similar to observations that the mitochondrial protease YME1L degrades TIM17A, a component of the TIM23 complex, upon induction of the mitochondrial unfolded protein response (UPR mt ) [130] .
Fission events produced small mitochondrial fragments in wild-type cells as well as in Drp1-knockout cells; these fragments co-localized with LC3-positive structures and were found to bud off from the larger mitochondrial network in response to iron chelation and hypoxia [131] . Loss of Drp1 delayed mitophagy, but did not completely abolish it. Interestingly, the formation of mitochondrial fragments relied on the expression of the autophagosome machinery, intimating that autophagosome formation and mitochondrial fission are coupled in mitophagy [131] .
In a comparable, yet distinct quality control pathway, the incorporation of oxidized mitochondrial components from multiple subcompartments into MDVs destined for the lysosome would similarly spare the entire organelle [132] . Parkin and PINK1 have been reported to be required for the formation of MDVs that are devoid of TOM20 but contain other mitochondrial cargos that are trafficked to the lysosome [133] . These vesicles are generated independently of Drp1-mediated fission [132] and require the SNARE syntaxin 17 for MDV-lysosome fusion [134] .
The elimination of specific mitochondrial components has also been described in yeast. Two groups demonstrated that the specific elimination of a subset of mitochondrial matrix proteins requires fission mediated through Dnm1, the yeast homolog of Drp1. Abeliovich and colleagues posit that mitochondrial fission acting upstream of mitophagy results in the segregation of specific mitochondrial matrix proteins for degradation [135] . Hughes and colleagues found that Tom70 and select mitochondrial proteins imported by this pathway were sequestered in a mitochondrial-derived compartment and targeted for destruction via autophagy in aged yeast [136] . This process is also dependent on Dnm1 -but not Atg32, an established mitophagy effector in yeast -and absence of this pathway is detrimental to mitochondrial function [136] .
These studies on bit-by-bit mitophagy and MDVs in mammalian cells and on Dmn1-related elimination of mitochondrial proteins in yeast reveal that mitochondria actively shed dysfunctional protein components before overt dysfunction ensues. The Mitochondrial Unfolded Protein Response in Quality Control at the Organelle Level Quality control of the entire mitochondrial reticulum is also surveyed by the UPR mt , a cellular stress response that transcriptionally upregulates mitochondrial chaperones and proteases to alleviate mitochondrial proteotoxicity [137] . This pathway has been extensively characterized in C. elegans and requires the stress-associated transcription factor ATFS-1, which has both a mitochondrial targeting sequence and a nuclear targeting sequence. Under basal conditions, ATFS-1 is imported into mitochondria and degraded by the protease LonP. Under conditions of mitochondrial stress, ATFS-1 fails to be imported and instead translocates to the nucleus. There, in conjunction with the proteins ubiquitin-like 5 (UBL5) [138] and DVE-1 [139] , ATFS-1 initiates a transcriptional program involving mitochondrial chaperones, proteases, components of the import machinery, glycolytic proteins and factors involved in mitochondrial biogenesis [137, 140] . Nuclear and mitochondrial OXPHOS transcripts are decreased during mitochondrial stress in an ATFS-1-dependent manner [140] . Surprisingly, ATFS-1 is reported to accumulate in mitochondria following activation of the UPR mt and binds mtDNA to inhibit transcription of mitochondrially encoded proteins [140] . How ATFS-1 evades degradation by LonP to bind to mtDNA and regulate mitochondrial transcription remains unclear. Similarly, pharmacological inhibition of Hsp90 in human cells activates the UPR mt , leading to inhibition of mitochondrial translation to reduce proteotoxic stress [141] . The first description of the mammalian UPR mt reported a transcriptional upregulation of mitochondrial chaperones Hsp10 and Hsp60 in response to mtDNA depletion [142] . Similarly, Hsp10, Hsp60, the protease ClpP and the transcription factor CHOP are upregulated following the accumulation of truncated and insoluble DOTC in the mitochondrial matrix [143] . Subsequent studies suggested that CHOP is required but not sufficient for UPR mt and identified a consensus sequence flanking the CHOP response element in the promoters of genes upregulated by DOTC [144] . Recently, the mammalian counterpart to ATFS-1, activating transcription factor 5 (ATF5), was identified [145] . Functionally, human ATF5 can rescue the UPR mt response in ATFS-1 null worms and binds to an identical promoter sequence [145] . ATF5 localizes to the mitochondrial fraction in human cells as well as in mouse livers under basal conditions; however, due to technical challenges in detecting endogenous ATF5, a stressinduced translocation to the nucleus was not reported [145] . Analysis of the transcriptome and proteome alterations in the presence of four mitochondrial stresses led to the identification of an ATF4-dependent transcriptional response, which attenuated mitochondrial translation but overall did not promote a classical UPR mt [146] . ATF4 is a stress-induced transcription factor and a paralog of ATF5. Treatment with the complex I inhibitor paraquat led to activation of ATF4, but not ATF5 or other UPR mt genes, as had been reported previously. Overall, these studies indicate that the mammalian UPR mt is inherently more complicated than that of the worm and may be regulated by multiple transcription factors. Intriguingly, decreased mitochondrial import is central to the activation of the UPR mt and mitophagy, suggesting that both share a common mechanism of regulation. Decreased import may be a widespread method by which mitochondria sense stress or damage. In yeast strains with defects in import or with damage leading to attenuation of import, mitochondriadestined proteins accumulate in the cytosol, triggering a stress response termed the unfolded protein response activated by protein mistargeting (UPRam) [147] or mitochondrial precursor over-accumulated stress (mPOS) [148] . Together, these stress responses decrease cytosolic translation and increase proteasome activity.
During mitophagy, loss of import has no deleterious consequences as these mitochondria are destined for degradation. Conversely, the UPR mt relies on import to deliver chaperones and proteases to increase mitochondrial fitness; therefore, the very mitochondria that send ATFS-1 to the nucleus may be less capable of reaping the benefits. However, if one considers that the UPR mt operates over the entire mitochondrial network, those chaperones and proteases could be imported into more fit mitochondria, leaving the most import-compromised mitochondria for degradation via mitophagy. On the contrary, if import is maintained even at diminished levels, compromised mitochondria could profit from a relative increased complement of chaperones and proteases. Of note, the UPR mt increases the expression of components of the import machinery, meaning that mitochondria that are still capable of import might be better able to recover. The UPR mt and mitophagy may be intimately connected as they are initiated by similar stressors, including misfolded proteins [127] , mtDNA mutations [142, 149, 150] , OXPHOS protein imbalances [151] , and decreased levels of the mitochondrial chaperone mtHsp70 [129] . The challenge remaining is to unravel whether and how these two mechanisms are co-regulated.
Two papers have demonstrated opposing actions of the UPR mt and mitophagy in worms carrying a large mtDNA truncation. Knockdown, knockout or expression of a dominant-negative form of ATFS-1 led to decreased levels of mutant mtDNA, suggesting that the UPR mt compensates for mutant mtDNA [152, 153] . Mutation of Parkin and PINK1 or Parkin alone increased mutant mtDNA levels and this was partially attenuated in the absence of ATFS-1 function. These results are in line with an earlier study, also in C. elegans, demonstrating that Parkin, but not PINK1, is protective against the accumulation of an identical mtDNA mutation [154] . Furthermore, Lin et al. [153] find that ATFS-1-dependent transcriptional activation of genes linked to biogenesis and mitochondrial dynamics contribute to heightened levels of mutant mtDNA. In agreement, Gitschlag and colleagues [152] report that transcripts of mitochondrially encoded genes are higher in worms that carry the mtDNA deletion compared with wild type. Collectively, these results imply that, in response to mtDNA mutation, the UPR mt maintains defective mitochondria, thereby avoiding mitophagy.
In an effort to define a role for endogenous Parkin in the context of mitochondrial damage in vivo, Parkin-knockout mice were crossed to mutator mice, which accumulate mtDNA mutations and demonstrate signs of premature ageing, due to loss of the proofreading capacity of DNA polymerase g (POLG), the enzyme responsible for mtDNA replication [155] . Indeed, mutator mice lacking Parkin show loss of dopaminergic neurons in the substantia nigra, tissue-specific increases in phospho-Ub and compromised mitochondrial function [156] . However, examination of mtDNA revealed no difference in the absolute number of mutations, although the predicted pathogenicity of the mutations was higher in double knockouts versus controls. The UPR mt has yet to be evaluated in the mutator mouse, but increased levels of Hsp60, mtHsp70 and ClpP have been reported in deletor mice, which contain a mutation in the mitochondrial helicase Twinkle, leading to an accumulation of mtDNA mutations and mitochondrial myopathy despite a normal lifespan [157] . Likewise, mice expressing mutant Twinkle specifically in dopaminergic neurons displayed motor dysfunction, a progressive reduction of neurons in the substantia nigra and an increased load of mtDNA mutations, all of which were exacerbated when crossed into a Parkin-null background [158] . Collectively, these studies indicate a conserved interplay between the UPR mt and mitophagy in mammals. Whether the UPR mt is induced in mutator mice and is dependent on ATF5 and/or ATF4 and how it may modulate levels of mtDNA remain to be explored, but could provide valuable insights into how these two mechanisms of mitochondrial quality control converge. Mitochondrial Quality Control and Turnover In Vivo Perplexingly, the majority of Parkin-and PINK1-knockout mouse models fail to recapitulate pathological features of human Parkinson's disease, including dopaminergic neuron loss or significant motor defects (reviewed in [159] ). The only exceptions identified to date are a conditional knockout of Parkin in the ventral midbrain that resulted in a progressive loss of dopaminergic neurons [160] , and a PINK1-knockout rat model that showed a reduction in dopaminergic neurons accompanied by deficits in movement, coordination and strength [161] . These studies suggest that an upregulation of compensatory pathways, Parkin-independent mitophagy, a significant contribution of other mitochondrial quality control mechanisms, or basal rates of mitochondrial removal are sufficient to protect from disease in these models. With regard to the latter, several groups have crossed animal models of mitochondrial stress to Parkin-null animals to determine whether the absence of Parkin exacerbates the phenotypes or leads to neurodegeneration, and the results of these studies have been mixed. Elimination of Parkin from MitoPARK animals, which lack TFAM in dopaminergic neurons, did not result in a distinguishable phenotype from MitoPARK animals [162] , which at the onset did have dopaminergic neuron loss [163] . In contrast, mouse models with defects in the mitochondrial DNA replication machinery, POLG or Twinkle, in Parkin-null backgrounds did antagonize dopaminergic neuron loss [156, 158] . It is difficult to reconcile whether Parkin and PINK1 offer protection to neurons in the substantia nigra or whether they are dispensable. Also, the severity of the genetic insult in these models -loss of TFAM versus increased mtDNA mutation -may play a role in the different Within a cell, mitochondrial proteins can be degraded by mitophagy -eliminating either part or all of the organelle -or by outer mitochondrial membrane-associated degradation (OMMAD), proteases and mitochondria-derived vesicles (MDVs), which when summed together constitute a protein's total turnover rate, disregarding the rate of replacement via mitochondrial biogenesis.
To hypothesize the contribution of mitophagy to mitochondrial protein turnover, we assume that the turnover of a given protein is equal to its protein turnover in addition to turnover via mitophagy (mitophagy turnover; m t ). In the following model, a cell contains 100 mitochondria, each with 1 copy of proteins x, y, and z. These mitochondrial proteins have turnover rates x t , y t , and z t , corresponding to low (5 protein copies/hour), intermediate (10 protein copies/hour) and high (50 protein copies/hour) turnover rates, respectively. While protein turnover rates remain constant, the rate of mitophagy is altered. Under basal conditions, one can assume a low rate of mitophagy (m t ), 1 organelle per hour. Physiological and pathological stimuli could increase the rate of mitophagy to 10 organelles per hour (medium mitophagy) or 50 organelles per hour (fast mitophagy). Summation of the mitochondrial and protein turnover rate would have differential effects on the total rate of turnover of each protein. More drastic rate changes are observed for proteins that are turned over more slowly and the range of turnover rates would tighten. Nonetheless, protein turnover rates remain distinct even in scenarios with extremely high rates of mitophagy. The heat map plots total turnover rate (protein copies degraded per hour per 100 mitochondria) as a function of protein turnover (x-axis) versus mitophagy turnover (y-axis) for the mitochondrial proteins x, y, z.
outcomes following loss of Parkin. Recently, several animal models expressing probes reporting on mitochondrial 'age' or mitochondrial degradation by incorporation into lysosomes have been developed. Although each model has its caveats, collectively they have the possibility to resolve whether Parkin and PINK are necessary for mitochondrial removal in vivo, under basal conditions or when challenged. Moreover, these tools may reveal insights into tissue-and cell-type-specific mechanisms and rates of mitochondrial turnover as well as the physiological and pathological processes regulating these processes in vivo.
MitoTimer is a mitochondrially targeted probe that emits green fluorescence when it is newly synthesized that gradually shifts to red as a result of oxidation [164] . MitoTimer can differentiate between portions of the mitochondrial network that have freshly imported protein versus those with older constituents. Constitutive expression of MitoTimer in mouse hearts reveals mitochondrial subpopulations with high and low red:green ratio, suggestive of aged mitochondria with a reduced import capacity and younger, import-competent areas of the network, respectively [165] . Indeed, mitochondria with increased green fluorescence were reported to have increased mtDNA replication and higher levels of Mfn2 [165] .
The Keima probe is a fluorescent protein with an excitation spectrum that is dependent on pH. When targeted to mitochondria, which have a neutral pH, Keima is excited at a shorter wavelength, whereas exposure to an acidic environment, like that of the lysosome, will excite Keima at a longer wavelength. Therefore, the ratio of light emitted at each excitation wavelength provides an estimate of the degree of mitophagy within a cell [166] . Another animal model of mitophagy -the Mito-QC mouse -has been generated and this expresses a mitochondrially targeted mCherry-GFP tag. Within an environment with a neutral pH, both mCherry and GFP will fluoresce; however, when exposed to the acidic environment of the lysosome, the GFP fluorescence will be quenched, leaving only red [167] . One advantage of the Mito-QC mouse relative to the Mito-Keima mouse is that tissues do not have to be live imaged and therefore fixed sections can be evaluated. The generation and characterization of both of these models have revealed a remarkable heterogeneity of basal mitophagy between tissues. Interestingly, mitophagy is induced during development in both the liver and kidney, suggesting that it plays a role in mitochondrial remodeling and cellular differentiation [167] . The rate of mitochondrial clearance is modulated by age, with older animals having a 70% reduction of mitophagy in the dentate gyrus, a part of the hippocampus that contributes to memory and learning, and by feeding habits, as analysis of livers of mice on high-fat diets revealed a lower Mito-Keima signal [168] . Incorporation of mitochondria into lysosomes was significantly higher in MitoKeima animals that also had mutations in POLG, supporting at the very least that mitophagy is involved in clearing mitochondria with mtDNA mutations in vivo [168] . Surprisingly, neither of these reporter models has yet been crossed into Parkin-or PINK1-knockout mice to determine whether basal or induced mitophagy is decreased. Studies such as these would be able to clarify the role these molecules play in mitophagy in vivo.
These studies hint at novel areas of research, including the importance of mitophagy in cell specification for mitochondrial remodeling. Furthermore, these models are valuable tools to validate the involvement of mitophagy in various neurodegenerative diseases, including Parkinson's disease, amyotrophic lateral sclerosis, Huntington's disease and Alzheimer's disease, in which mitochondrial dysfunction and mitochondrial quality control defects have been implicated. Lastly, the impact of environmental factors -including diet, exercise, and response to injury -on mitophagy can be assayed in these models.
Future Directions
Mitochondria have evolved multiple quality control pathways to maintain proper function basally and in response to stress. These pathways target individual proteins as well as surveying the entire mitochondrial network, encompassing different scales of mitochondrial protein quality control. Some studies have questioned the role of PINK1-Parkin-mediated mitophagy of damaged organelles in vivo with the argument that if it is indeed a major pathway then mitochondrial protein turnover rate should be relatively uniform as mitophagy can eliminate entire mitochondria. However, this is not reflected in proteomic studies evaluating the half-life of individual mitochondrial proteins [123] .
The rate of mitochondrial degradation may be better represented as a sum of the rates of proteolysis, OMMAD, shedding of MDVs, piecemeal mitophagy and wholesale mitophagy (Figure 4) . Consequently, turnover would reflect the total sum of degradation versus mitochondrial biogenesis. In a highly simplified model, not accounting for mitochondrial biogenesis, where protein abundance is similar and the mitochondrial population is homogenous, a low rate of mitophagy would not significantly impact the turnover of most proteins. Higher rates of mitophagy would decrease the range of turnover rates, disproportionally affecting those with low to medium half-lives ( Figure 4 ). However, even under circumstances with extremely high rates of mitophagy, mitochondrial protein turnover rates would remain heterogeneous, albeit with a smaller range.
With the advent of novel mouse models the field will finally be able to clarify the role of mitophagy in vivo and determine the relevance of various proposed mitophagy receptors. These and other advances could pioneer our understanding of the roles of mitophagy in development and adaptation to the environment. Parkin-dependent mitophagy has been linked to the self-renewal capacity of hemopoietic stem cells and mechanistically hints at metabolic pathways regulating mitochondrial elimination [169] . More generally, during asymmetric division, human mammary stem cells are preferentially endowed with chronologically younger mitochondria, whereas the cells that undergo differentiation retain older mitochondria [170] . These studies usher in novel areas of research in understanding how mitophagy is induced in these physiological processes and whether the same molecules and mechanisms are at play. Moreover, they beg the question as to what other processes require mitochondrial clearance.
Mitophagy, proteases, the ubiquitin-proteasome system, and MDVs all participate in mitochondrial turnover, but we still lack a comprehensive understanding of the relative contributions and kinetics of these processes both under steady-state and following mitochondrial damage. Future studies examining multiple pathways simultaneously will give a better understanding of each of their roles. Another important question is how these mechanisms change with age and disease. Over the past several years the field has gained significant mechanistic understanding of mitochondrial quality control pathways in isolation, but we are only at the early stages of understanding how these pathways act together to produce a functional mitochondrial network, with the translational challenge of how to enhance mitochondrial quality control following the onset of disease.
